Abstract. The aim of the study was to compare the dynamics of nitrogen and phosphorus compounds in closed (cRAS) and semi-closed (scRAS) experimental recirculation systems during intensive culture of goldfish juveniles. The results obtained underscore the varied effectiveness of biological nitrification in recirculation systems, which is dependent on both the nitrogen compound loads and water exchange. Additionally, levels of nitrogen (22878.18 mg) and phosphorus (1878.55 mg) accumulation were high in the cRAS in comparison to those in the scRAS (maximum 3797.44 and 117.41 mg for nitrogen and phosphorus, respectively). This indicates that large quantities of nutrients are discharged into the natural environment as a consequence of water exchange. The data obtained from this study can be useful at the intensive aquaculture production design stage to minimize impacts on the natural environment. Based on the results obtained, the cRAS should be put into operation approximately ten days before any experimental or intensive culture is begun. With scRAS, the culture process can commence on the fourth day after disinfection. However, with scRAS the feeding rate has to be monitored closely because of the relatively low nitrification capability of this system.
Aquaculture is one of the largest branches of food production. Intensive fish culture under controlled conditions is one of the areas of aquaculture that is developing dynamically since it allows limiting production costs and permits controlling culture conditions fully (Kolman 1999 , Blancheton 2000 , Remen et al. 2008 . Nitrate nitrogen and phosphorus compounds accumulate in the water during intensive fish culture in recirculation systems (Rodehutscord and Pfeffer 1995 , Barak and van Rijn 2000 ,¯arski et al. 2008 . Low levels of these compounds, particularly ammonia nitrogen, have a direct negative impact on fish growth rate and wellness (Frances et al. 2000 , Foss et al. 2003 , Biswas et al. 2006 , Remen et al. 2008 . Filtration, including biological filtration, is used to limit the impact of these compounds on the effectiveness of production (Hargrove et al. 1996, Ridha and Cruz 2001) . As a result, ammonia nitrogen is oxidized to nitrite nitrogen (NO 2 ), and next to nitrate nitrogen (NO 3 ) in the nitrification process (Kolman 1999 , van Rijn et al. 2006 .
Nitrate nitrogen is formed by the uninterrupted nitrification process of ammonia nitrogen, which is a metabolic product (Smutna et al. 2002) . Nitrate usually does not reach levels lethal to fish during culture (Hamlin 2006) . Phosphorus, on the other hand, is supplied together with feed, particularly compound feeds. Its accumulation in the water results from it not being fully assimilated by fish (Rodehutscord and Pfeffer 1995, Barak and van Rijn 2000) . Although these two compounds decrease culture parameters only slightly, they are both undesirable elements in aquaculture production because they have significant negative impacts on the natural environment. Together with discharge waters, they contribute to increased eutrophication of open waters and, as a consequence, contribute to their degradation (Oliva-Teles et al. 1998, Barak and van Rijn 2000) .
Many studies of the effectiveness of biological filtration have been published to date, and the majority have focused on commercial production. However, short-term rearing periods (usually 21 days followed by a two-day acclimation process) are commonly applied in scientific and commercial hatcheries. There are huge rotations of various species during the season at these facilities, which necessitates utilizing them several times per season. Thus, efforts are made to clean and disinfect rearing systems. Fish are usually stocked into such systems shortly after the disinfection process where biological filtration is ineffective. Because data regarding the short-term dynamics of these compounds is relatively limited, compiling it could be of practical importance in both scientific and commercial applications. The current study compared the dynamics of nitrogen and phosphorus compounds during short-term goldfish juvenile culture in closed and semi-closed recirculating aquaculture systems.
Two separate experiments were conducted within the framework of this study during which a hatchery-reared stock of goldfish with initial lengths of 5 to 7 cm and an average body weight of 5.4 g (± 1.7) were reared. The larvae were obtained after mass spawning under controlled conditions. Spawners were cultured in 1000 dm 3 tanks with controlled environmental conditions (Kujawa et al. 1999) . The larvae were fed Artemia nauplii initially (21 days) and later mixed live and compound feeds. During the experiments, the fish were placed in twelve 50 dm 3 glass tanks positioned in an experimental closed water circuit (with a total volume of 1.2 m 3 ) that allowed controlling the water temperature, photoperiod, and aeration, and allowed for partial water replacement. The temperature during the culture was set at 22°C (± 0.1), and the photoperiod was 12 h (12L:12D). The fish density in each tank was 250 individuals (5 per 1 dm -3 ). The fish biomass was 16.2 kg in the whole system. Each of the tanks was fed through the top water inlet and was also aerated. The water flow through the culture tanks was constant at 2 dm 3 min -1 . From the culture tanks, the water was directed to a mechanical filter and next to a biological filter bed filled with polyethylene balls (f~4 mm) to a total volume of~72 dm 3 .
Following biological filtration, the water was passed to the lower retention tank which also functioned as a tank for collecting the sediments that had not been separated in the mechanical filter. The waste water outflow was located in this tank. Next, water was pumped through a UV lamp to the head tank where the heater, make-up water inlet, and aerating diffuser were located. From the head tank the water was directed through PVC pipes to the culture tanks. For detailed information see Kujawa et al. (2000) . Before the experiment began, the filtration medium was carefully flushed with clean water and dried. Water circulation began a week before the fish were stocked into the system. During each experiment, the fish were fed twice a day with commercial compound carp feed (feed composition: 62% protein, 11% fat, 0.8% hydrocarbons, 1.1% phosphorus, 10% ash; Skretting, Norway). The feed was distributed manually. The daily dose of the feed was 1.5% of the initial biomass for the duration of the experiment. Prior to the first daily feeding, residues of feed and excrements were removed only from the culture tanks.
During the experiments, ammonia nitrogen (N-NH 4 ), nitrite nitrogen (N-NO 2 ), nitrate nitrogen (N-NO 3 ), and phosphates (P-PO 4 ) were analyzed with a LF 205 photometer (Slandi, Poland). Samples were collected daily before the first feeding from the lower tank. If nitrate and phosphate contents exceeded the measurement range, the samples were diluted with water obtained from reverse osmosis (multiple analyses confirmed that it did not contain nitrogen or phosphorus compounds). The results obtained were then converted to determine the actual concentrations of the compounds in the analyzed sample. All the analyses were conducted in two repetitions. Additionally, the content of dissolved oxygen in the water and pH were measured daily in the culture tanks using a multiparametric device (HI 9828, Hanna Instruments, Italy). Throughout the culture period in both experiments, the content of dissolved oxygen in the water did not drop below 6 mg dm -3 , while the pH value was within 7.3-7.6. No mortality was recorded among the fish.
During the first experiment, culture was conducted without water replacement (closed systemcRAS). In the second experiment (semi-closed system -scRAS), 20% of the water in circulation was replaced daily. Losses through evaporation in the cRAS were compensated daily with a small volume of water. The cultures in both experiments were conducted for 23 days.
The amounts of nitrogen and phosphorus were calculated for each day. Based on these results, regression analysis was completed for the values of compounds in the water and the time of the experiment. The cRAS and scRAS values were compared using the t-test (á = 0.05). Statistical analysis was performed using STATISTICA (9.0) software (StatSoft) and MS Excel for Windows.
Recirculation systems are used for intensive fish production and, in most cases, are equipped for partial water replacement, which ensures the removal from the system of nitrates produced during the nitrification process (van Rijn 1996) . Because wastewaters are usually discharged into natural reservoirs, greater research efforts have recently been focused on eliminating the need for water replacement in fish culture systems (van Rijn et al. 2006) . The intensity and character of the dynamics of nitrogen and phosphorus compounds are determined by water replacement frequency. These fluctuations also depend on culture procedures and conditions (Singh et al. 1999 , Franco-Nava et al. 2004 , Wolnicki 2005 ,¯arski et al. 2008 .
The results obtained in this study indicated significant diversity in the levels of the compounds analyzed depending on the system applied. In both cases, the highest concentrations of ammonia were found during the initial days of culture. During the first day after stocking the cRAS, the ammonia concentration reached 0.5 mg dm -3 . The maximum (0.6 mg dm -3
) was recorded on the second and third days of culture. Next, a gradual decrease in the content of ammonia was recorded until day 16 of culture, after which a small increase to the level of 0.2 mg dm -3 was recorded. A similar tendency was noted in the scRAS, where ammonia reached its maximum after the system was stocked with fish. Next, a rapid decrease was observed, and on day 13 another increase to the ultimate level of 0.3 mg dm -3 was observed (Fig. 1a) . No statistical differences between treatments were recorded (t-test, P > 0.05). Similar ammonia nitrogen dynamics were recorded by Hargrove et al. (1996 Hargrove et al. ( ) and¯arski et al. (2008 . Faster ammonia removal during the initial days of culture in the scRAS probably resulted from water replacement. On the other hand, in the cRAS the notable decrease in ammonia nitrogen by day three was a consequence of the nitrification process. However, in the scRAS, the ammonia increase occurred earlier (on day 13) than in the cRAS (on day 16) although ammonia production in both cases was the same. This could have been caused by the different rates of increase in the biomass of the biological bed microorganisms which progressed slightly more slowly in the lower load of the scRAS (in which ammonia was removed through partial water replacement) (Parimala et al. 2007 ). The highest nitrite concentration value in the closed system was noted at the beginning of the culture period (from 0.24 to 0.3 mg dm -3 ). Following a significant increase in N-NO 2 content during the initial four days, a decrease was noted in the water analyzed. By day 12, concentrations of this compound did not exceed 0.14 mg dm detected (Fig. 1b) . Statistical differences between treatments were recorded daily until the fifth day of culture and on days 13 and 14 of the experiment (t-test, P < 0.05). These results indicate the nitrification process was effective in both cases (Rodehutscord and Pfeffer 1995 , Barak and van Rijn 2000 ,¯arski et al. 2008 . Nitrate concentrations in the cRAS increased throughout the culture period and ranged from 28 to 135 mg dm -3 . This differed from the situation in the scRAS, where the nitrate nitrogen concentration increased throughout the culture period, but without exceeding 13.2 mg dm -3 until day 23 of the experiment (Fig. 1c) . These changes indicated a lower extent and rate of nitrification. The first disturbances were recorded on day 10 of the culture for ammonia and nitrites, and on day 16 for phosphates. The character of these changes was probably also the consequence of the smaller biomass increase of the biological bed bacteria and partial water replacement. As a consequence, the initial two stages of the nitrification process did not exhibit constant trends which, on the other hand, were observed in the cRAS. Changes in the content of phosphates in both cases were very similar in character (Fig. 1d) ; however, the accumulation rate and the content of phosphates in the cRAS by the end of the experiment were several tens of times higher (t-test, P < 0.05) than in the scRAS. This was likely linked to the removal of these compounds from the scRAS mainly by water replacement. The results obtained in this study reflect quite characteristic fluctuations in the contents of compounds that are by-products of aquaculture production in both cRAS and scRAS. They highlight the different reaction times of the biological bed to the dynamics of individual compounds. Increasing the load of the scRAS with ammonia nitrogen immediately resulted in a higher nitrite content, which is toxic to fish. As a consequence, the lower load that resulted from water replacement meant that biological filtration was less effective. However, water replacement did not influence the potential increment of system capacity for fish load and higher feeding levels due to removal capability. The content of ammonia and nitrates was at a low level, which indicates the high effectiveness of filtration applied. Thus, it is assumed that the biomass growth rate of microorganisms in the biological bed increases as the loads of nitrogen and phosphorus compounds supplied increase. However, the amounts of nitrogen and phosphorus compounds calculated in the cRAS were statistically higher than those in the scRAS throughout the culture period (t-test, P < 0.05) (Fig. 2) . This is why research into the development of devices for denitrification are needed urgently (van Rijn et al. 2006) , as is the implementation of such technologies in fish-culture farms since this will significantly limit the negative influence of aquaculture on open water ecosystems. Based on the results obtained in the current study, the cRAS should be in operation for ten days (at a low feeding level) before any experimental or intensive culture is performed. With scRAS, fish culture can be conducted beginning on the fourth day following biofilter media disinfection in rearing facilities. However, feeding rates must be monitored more closely in scRAS because of its relatively low nitrification capability.
